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013.05.0Abstract Sensorless induction motor (IM) drives are widely used in industry for their reliability
and ﬂexibility, particularly in hostile environment. However, the performance of many of previ-
ously developed observer based speed sensors in very low speeds of IM drives was not satisfactory.
In this paper, the model reference adaptive system (MRAS)-based speed and stator resistance esti-
mators of IM drives fed by four switch three phase inverter (FSTPI) in the critical low and zero
speed region of operation are presented. The estimated speed is used as feedback in a vector control
system. The MRAS approach has the immediate advantage that the model is simple, eliminates the
produced error in the speed adaptation, and more stable and robust. Simulation results of the
MRAS speed observer based sensorless ﬁeld-oriented induction motor drives fed by FSTPI are pre-
sented at critical low and zero speed region of operations. The performances of the MRAS tech-
nique is evaluated in indirect vector control system. Experimental results validate the proposed
approach.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Speed controlled induction motor drives are widespread elec-
tromechanical systems suitable for a large spectrum of indus-
trial applications. When high dynamic performance and
precision control are required for an induction motor in a wide
speed range, the speed must be measured. In contrast, in the.com.
lty of Engineering, Alexandria
ng by Elsevier B.V. on behalf of F
03case of medium and low performance applications, sensorless
control without measuring the motor speed is becoming an
industrial standard because of advantages in terms of cost,
simplicity, and mechanical reliability of the drive. As a conse-
quence of this, a great deal of research has been carried out on
sensorless drives over the last few decades [1].
Several solutions for sensorless control of induction motor
drives have been proposed based on the machine fundamental
excitation model and high frequency signal injection methods,
as summarized recently [2]. Fundamental model based strate-
gies use the instantaneous values of stator voltages and cur-
rents to estimate the ﬂux linkage and the motor speed.
Various techniques have been suggested such as, model refer-
ence adaptive systems (MRAS), Luenberger and Kalman-ﬁlter
observers, sliding-mode observers, and Artiﬁcial Intelligenceaculty of Engineering, Alexandria University.
Figure 1a Half-bridge converter (voltage-doubler).
Figure 1b 4-Switch voltage source converter.
328 M.K. Metwally(AI) techniques. MRAS schemes offer simpler implementation
and require less computational effort compared to other meth-
ods and are therefore the most popular strategies used for sens-
orless control [3,4].
Various MRAS observers have been introduced in the liter-
ature based on rotor ﬂux, back EMF, and reactive power [5–8].
However, rotor ﬂux MRAS, ﬁrst introduced by Schauder [6], is
the most popular MRAS strategy and signiﬁcant attempts
have been made to improve its performance [1]. This scheme
suffers from parameter sensitivity and pure integration prob-
lems [7] which may limit the performance at low and zero
speed region of operation [5].
Online adaptation of the stator resistance can improve the
performance of the MRAS sensorless drive at low speed [9].
In [4], a simultaneous estimation of rotor speed and stator
resistance is presented based on a parallel MRAS observer
where both the reference and adaptive models switch roles
based on two adaptive mechanisms. Moreover, pure integra-
tion for ﬂux represents a crucial difﬁculty which may cause
dc drift and initial condition problems [10,7,11].
Low Pass Filters (LPFs) with low cut-off frequency have
been proposed to replace the pure integrator [12]. This intro-
duces phase and gain errors and delays the estimated speed rel-
ative to the actual, which may affect the dynamic performance
of the drive [13,14] in addition to inaccurate speed estimation
below the cut-off frequency [7]. To overcome this problem,
Karanayil et al. [13] introduce a programmable cascaded low
pass ﬁlter (PCLPF) to replace the pure integration by small
time constant cascaded ﬁlters to attenuate the dc offset decay
time.
In [15], another technique is used where the rotor ﬂux is
estimated by deﬁning a modiﬁed integrator having the same
frequency response as the pure integrator at steady state. A
nonlinear feedback integrator for drift and dc offset compen-
sation has been proposed in [16]. Further research has tried
to entirely replace the voltage model (VM) with a state obser-
ver with current error feedback or with full order stator and
rotor ﬂux observers which reduces the scheme’s simplicity
[11,17].
Semiconductor switches mainly determine the overall price
of the power converter devices. So, there has been always a de-
sire to develop new topologies with reduced number of semi-
conductor devices aiming for reduced costs. Especially in the
range of a few ten kilowatts and above, this may cause consid-
erable savings. Among various topologies, half-bridge con-
verter has shown the best performance thanks to the reduced
number of semiconductor devices, minimized conduction and
switching losses, regeneration capability, higher DC-link volt-
age utilization, etc. [18–23].
This converter topology, shown in Fig. 1a, is often called
voltage-doubler. As it can be seen, the DC-link voltage is
twice the conventional full-bridge converter. This topology
is widely employed in industrial applications. The three phase
extension of this topology is shown in Fig. 1b and is usually
referred to as four switch three phase inverter, component
minimized converter, low cost converter, or component min-
imized converter.
This paper presents sensorless control of IM fed by FSTP
inverter using MRAS for speed and stator resistance estima-
tion at very low and zero speed operation. Based on the theory
of MRAS, simultaneous estimation of rotor speed and stator
resistance has been described in this paper. Computersimulations and experimental results are presented to show
the effectiveness of proposed approach.
2. Model of four switch three phase inverter
The circuit of Fig. 1b has two converter legs and third phase is
connected to the middle point of the DC-link capacitor bank.
Because of its beneﬁts, this topology has also found a lot of
industrial applications [24,25]. Let us assume that the states
of the four power switches are denoted by the binary variables
S1 to S4, where the binary ‘‘1’’ corresponds to an ON state and
the binary ‘‘0’’ indicates an OFF state. Where Vs is a single
phase utility ac supply voltage to dc-voltage, Is is the supply
current, and Ls is the boost inductor connected in series with
the utility supply voltage.
The states of the upper and lower switches in Fig. 1b of a
leg are complementary, which yields:
S3 ¼ 1 S1 ð1Þ
S4 ¼ 1 S2 ð2Þ
Let us consider a Y-connection of phases of the induction mo-
tor; therefore, their terminal voltages Va, Vb, and Vc can be ex-
pressed as a function of the states of the upper switches as
follows [26].
Va ¼ Eð4S1  2S2  1Þ=6 ð3Þ
Vb ¼ Eð2S1 þ 4S2  1Þ=6 ð4Þ
Vc ¼ EðS1 þ S2  1Þ=3 ð5Þ
where E is the DC-link voltage, Z is the zero voltage point, and
N is the neutral point. Four combinations of the states of the
Sensorless speed control of 4-switch three phase inverter fed induction motor drives at very low and zero speed 329power switches could be distinguished. These are presented in
Table 1.The main drawback of FSTPI is the voltage ripple of
DC-link capacitors. To ensure the quality of the output volt-
ages of VSI, we must solve the mentioned above problem by
using real time compensation SVPWM technique when gener-
ating switching control in consideration of unbalanced DC-
link voltages by direct calculation of switching times based
on four basic space vectors in FSTP inverter. In [27], the adap-
tive SVPWM had been used for FSTPI under DC-link voltage
ripple condition.
3. Field oriented control theory
One particular approach for the control of induction motor is
the Field Oriented Control (FOC) introduced in [6]. The ma-
chine equations in the stator reference frame, written in terms
of space vectors, are
Us ¼ RsIs þ d
ws
dt
ð6Þ
0 ¼ RrIr þ d
wr
dt
 jxrwr ð7Þ
ws ¼ LsIs þ LmIr ð8Þ
wr ¼ LrIr þ LmIr ð9Þ
dxr
dt
¼ T TL
J
ð10Þ
T ¼ P Lm
JLr
ðwrdisq  wrqisdÞ ð11Þ
where Us, Is, and Ir are stator voltage, stator current, and rotor
current respectively; Rs and Rr, are the stator and rotor resis-
tances per phase, Ls, Lr, ws, wr are the self inductances and ﬂux
of the stator and rotor respectively; wrd, wrq, Isd, Isq are the ro-
tor ﬂux components in dq-axis and stator current components
in dq-axis respectively; Lm is the mutual inductance, xr is the
rotor speed, P is the number of poles, T is the electromagnetic
developed torque, TL is the load torque, and J is the rotor mo-
ment of inertia.
The control strategy is based on the orientation of ﬂux vec-
tor along the d-axis which can be expressed by considering.
wrd ¼ wr ð12Þ
wrq ¼ 0 ð13Þ
Assuming a rotor ﬂux reference frame, and developing the
previous equations with respect to the d-axis and q-axis com-
ponents, leads toTable 1 The four combinations of the states of the power
switches and the corresponding terminal voltages Va, Vb and
Vc.
S1 S2 Va Vb Vc
0 0 E/6 E/6 E/3
1 0 E/2 E/2 0
1 1 E/6 E/6 E/3
0 1 E/2 E/2 0dwrd
dt
þ Rr
Lr
wrd ¼
LmRr
Lr
isd ð14Þ
T ¼ P Lm
JLr
wrdisq ð15Þ4. Speed estimation scheme based on MRAS
The speed estimator, analyzed in the paper, is the one origi-
nally as in [28] and illustrated in Fig. 2, where the two left-hand
side blocks perform integration of Eqs. (16) and (17). It relies
on measured stator currents and measured stator voltages and
is composed of the reference (voltage) and the adjustable (cur-
rent) model. The estimator operates in the stationary reference
frame (a,b) and it is described with the following equations
[28]:
pw^srV ¼
Lr
Lm
½uss  ð bRs þ rLspÞiss ð16Þ
pw^srI ¼
Lm
Tr
iss 
1
Tr
 jx^
 
w^srI ð17Þ
x^ ¼ ½Kpx þ KIx
p
ex ð18Þ
ex ¼ w^srI  w^srV ¼ w^arIw^brV  w^brIw^arV ð19Þ
A hat above a symbol in (16)–(19) denotes estimated quanti-
ties, symbol p stands for d/dt, Tr is the rotor time constant
and the leakage coefﬁcient r ¼ 1 L2m=ðLsLrÞ. All the param-
eters in the motor and the estimator are assumed to be of the
same value, except for the stator resistance (hence, a hat above
the symbol in (16)). Underlined variables are space vectors,
and subscripts V and I stand for the outputs of the voltage (ref-
erence) and current (adjustable) models, respectively. Voltage,
current and ﬂux are denoted with u, i and w, respectively, and
subscripts s and r stand for stator and rotor, respectively.
Superscript s in space vector symbols denotes the stationary
reference frame. As is evident from (16)–(19) and Fig. 2, the
adaptive mechanism (PI controller) relies on an error quantity
that represents the difference between the instantaneous posi-
tions of the two rotor ﬂux estimates. The second degree of free-
dom, the difference in amplitudes of the two rotor ﬂux
estimates, is not utilized. The parallel rotor speed and stator
resistance MRAS estimation scheme, which will be developedFigure 2 Basic conﬁguration of the rotor ﬂux based on MRAS
speed estimator.
330 M.K. Metwallyin the next section, will make use of this second degree of free-
dom to achieve simultaneous estimation of the two quantities.
The role of the reference and the adjustable model will be
interchanged for this purpose, since the rotor ﬂux estimate of
(17) is independent of stator resistance.
5. Parallel rotor speed and stator resistance estimation
Parallel rotor speed and stator resistance estimation scheme is
based on the concept of hyperstability [28] in order to make the
system asymptotically stable. For the purpose of deriving an
adaptation mechanism, it is valid to initially treat rotor speed
as a constant parameter, since it changes slowly compared to
the change in rotor ﬂux.
The stator resistance of the motor varies with temperature,
but variations are slow so that it can be treated as a constant
parameter, too. The conﬁguration of the parallel rotor speed
and stator resistance is shown in Fig. 3 and is discussed in de-
tail next. Let Rs and x denote the true values of the stator
resistance of the motor and rotor speed, respectively. These
are in general different from the estimated values.Figure 3 Structure of the MRAS system of parallel rotor speed
and stator resistance estimation.
Figure 4 Conﬁguration of overConsequently, a mismatch between the estimated and true
rotor ﬂux space vectors appears as well. The error equations
for the voltage and the current model outputs can then be writ-
ten as follows:
peV ¼  Lr
Lm
ðRs  bRsÞiss ð20aÞ
eV ¼ wsrV  w^srV ¼ eaV þ jebV ð20bÞ
peI ¼ ðjx 1
Tr
ÞeI þ jðx x^Þw^srI ð21aÞ
eI ¼ wsrI  w^srI ¼ eaI þ jebI ð21bÞ
Symbols wsrV, w
s
rI in (20b) and (21b) stand for true values of the
two rotor ﬂux space vectors.
The system is hyperstable if the input and output of nonlin-
ear block satisfy Popov’s criterion [28]. The adaptive mecha-
nism for rotor speed estimation and stator resistance
identiﬁcation is given in (22) and (23), respectively.
x^ ¼ ðKpx þ kIxp ÞðeTI :J:w^srIÞ ¼ ðKpx þ kIxp Þex
J ¼ 0 1
1 0
  ð22Þ
bRs ¼ ðKpRs þ kIRsp ÞðeTV:isÞ ¼ ðKpRs þ kIRsp ÞeRs ð23Þ
where kpx, kIx, kpRs, kIRs are PI controller parameters of rotor
speed and stator resistance adaptation mechanisms, respec-
tively. The role of the reference and the adjustable models is
interchangeable in the parallel system of rotor speed and stator
resistance estimation. The speed and stator resistance can be
estimated in parallel using (22) and (23) at any speed. The ro-
tor speed adaptation mechanism (22) is the same as in the cus-
tomary MRAS speed estimator reviewed in Section 4. Stator
resistance adaptation mechanism (23) is, at the ﬁrst sight, sim-
ilar to the one of [29,30]. However, stator resistance is here
estimated in the stationary reference frame (rather than in
the rotor ﬂux oriented reference frame), and error quantity isall sensorless control system.
Reference speed
Actual speed
Sensorless speed control of 4-switch three phase inverter fed induction motor drives at very low and zero speed 331obtained using two rotor ﬂux space vector estimates (rather
than the reference and a single estimated value, as in [30]). Fur-
ther, stator resistance and rotor speed estimation operate in
parallel, rather than sequentially as in [31]. This is enabled
by utilizing the second available degree of freedom (the differ-
ence in rotor ﬂux amplitudes) in the process of stator resistance
estimation.(a) 
(b) 
(c) 
Estimated speed
Actual rotor angleEstimated rotor angle
Figure 6 Experimental results at speed change from 20 rpm to
40 rpm at time = 1 s (a) motor speed, (b) three phase currents,6. Sensorless speed control
The overall system of the sensorless control algorithm is
shown in Fig. 4; it incorporates the MRAS system of parallel
rotor speed and stator resistance estimation which receive the
stator voltages and currents after using low pass ﬁlters (LPF).
The stator voltage and current are the inputs to voltage mod-
el (reference model); the output is the rotor ﬂux in stationary
reference frame. The stator current and estimated rotor speed
are the inputs to current model (adaptive model); the output
is the rotor ﬂux in stationary reference frame. The error be-
tween the two estimated rotor ﬂuxes due to reference model
and adaptive model is used to estimate the rotor speed and
stator resistance as mentioned before. The estimated speed,
reference speed, and stator currents as well as reference ﬂux
are used as inputs to the ﬁeld oriented control (FOC) block
diagram. The output of FOC is the pulses for FSTP voltage
source inverter.
7. Simulation and experimental results
The machine under test was operated under sensorless ﬁeld
oriented speed controlled condition. The torque is applied by
the load machine under torque controlled mode. The parame-
ters of the machine under test are given in Appendix A. The
control is done on a digital signal processor board (DSP
1103) plugged into a computer. It performs the vector control
algorithm and the hysteresis current controller to generate the
pulse sequences for FSTP inverter as shown in Fig. 5.
There is a communication board for transferring and
receiving data between the control algorithm on DSP 1103
and the real time system. The induction motor was fed by aCommunication
Board 
Inverter
Induction Machine
Load
PC DSP1103
Relay
Figure 5 Experimental setup.
and (c) rotor angles in rad at speed 40 rpm.
332 M.K. Metwallyvoltage source inverter, and two current sensors were used for
the current measurements. An optional position signal is avail-
able from an encoder with 1024 pulses resolution as a reference
signal. The control algorithm is executed by ‘‘SIMULINK’’
and downloaded to the board through host computer. The
outputs of the board are logic signals, which are fed to the
three phase inverter through driver and isolation circuits.
The response due to a step change in the speed command is
used to evaluate the performance in terms of steady state er-
rors and stability.
Fig. 6a shows the experimental results of estimate (blue)
and actual speed (red) response with a command speed (black)
change from 20 rpm to 40 rpm at time = 1 s at no load. It can
be seen that the rotor speed is accelerated smoothly to follow
its reference value with nearly zero steady state error. Fig. 6b
shows the motor current of phase (A) and its reference current,
whereas Fig. 5c shows the estimated rotor angle (red) and ac-
tual rotor angle (blue) in rad. These results show a good cor-
relation between the estimated speed signal and its
corresponding actual as well as reference speed signals.
Fig. 7 shows the simulated results of speed waveforms when
the sensorless speed control was performed using FSTP inver-
ter at very low and zero speed with load applied at t= 1 s. The
reference speed is changed from 50 rpm at t= 3 s to zero rpm
and speed change back from zero rpm to 50 rpm at t= 5 s.
The speed command applied in the speed controller is shown
Fig. 7 upper diagram (red) in rpm, the estimated speed (blue),
and the actual motor speed (black). The load torque is changed
from 0% to 80% of rated torque at t= 1 s as shown in Fig. 7
(lower diagram) the speed change and return back to the pre-
vious value due to the robust of the control method.
Fig. 8 demonstrates the accuracy of FSTP inverter during
load and speed change operations. The upper diagram shows
the actual (black) and estimated rotor angles for tests depicted
in Fig. 7. The lower diagram shows the same operating stateFigure 7 Upper: reference speed (red), estimated speed (blue), abut for the rotor ﬂux angle. The actual (black) and estimated
rotor ﬂux angles in degrees. From Figs. 7 and 8, it can be noted
that the tracking of the rotor speed is very accurate using
FSTP inverter during transient and steady states operation.
Fig. 9 shows the actual (black-dotted) stator resistance and
the estimated (red) resistance using the estimation algorithm
during the tests depicted in Fig. 7 in ohm; the ﬁgures show
the accuracy of the estimation algorithm during speed and
load change operations.
Also, Fig. 10 shows the motor current in the stationary ref-
erence frame (a,b) (upper diagram) and the three phase motor
currents Iabc (lower diagram).
Next, simulated results (Figs. 11–13) are taken when the
induction machine speed change ±50 rpm at load torque
80% is applied at t= 1 s in the negative speed direction with
the slip speed 50 rpm. Since this frequency equals the slip fre-
quency at this load level, the result is zero ﬂux frequency with a
constant rotor ﬂux position as shown in Fig. 10 (lower dia-
gram). At the time instant of approximately t= 5 s, the speed
was changed from 50 rpm to 50 rpm. This results in a gener-
ating condition of the motor with the ﬂux now rotating in the
positive direction. As can be seen, the used technique is able to
estimate the ﬂux position that coincides with the reference ﬂux
angle during the whole operation, also being stable at zero fun-
damental frequency.
Fig. 11 (upper diagram) shows the comparison between the
reference rotor speed (red) and the sensorless rotor speed with
the proposed technique (blue) and the actual rotor speed
(black) during speed change ±50 rpm. The load torque cur-
rent is shown in Fig. 11 (lower diagram).
The same comparison is also shown in Fig. 12 (upper dia-
gram) for the estimated rotor angle (red) and actual rotor an-
gle (black). The actual rotor ﬂux angle (black) and the
estimated rotor ﬂux angle (red) for the tests depicted in
Fig. 11 is shown in Fig. 12 (lower diagram); it is noted thatnd actual speed (black) in rpm. Lower: torque current iq (A).
Figure 9 Actual stator resistance (black-dotted) and estimated stator resistance (red) in ohm.
Figure 8 Upper: Actual rotor angle (black) and estimated rotor angle (red) in . Lower: Actual rotor ﬂux angle (black) and estimated
rotor ﬂux angle (red) in .
Sensorless speed control of 4-switch three phase inverter fed induction motor drives at very low and zero speed 333the difference between the actual and estimated rotor angles
and rotor ﬂux angles is almost not noticeable as shown in
Fig. 12.
Fig. 13 shows the motor current in the stationary reference
frame (a,b) (upper diagram) and the three phase motor cur-
rents Iabc (lower diagram) for the tests depicted in Fig. 11.8. Conclusion
The paper presents a new approach for sensorless speed con-
trol using FSTPI fed induction motor drives. It is based onMRAS using state observer model with the rotor ﬂux based
MRAS technique and the parallel operation of MRAS and
stator resistance identiﬁcation technique comparing to other
adaptation technique, and this method is simple and needs a
low computation power and has a high speed adaptation even
at zero speeds. The mathematical description of MRAS using
state observer model with the rotor ﬂux is presented also the
mathematical description of MRAS in parallel with stator
resistance identiﬁcation is presented.
The proposed method can produce an excellent speed esti-
mation performance in a low speed region and at zero speed.
In addition, the superiority of the proposed method was veri-
Figure 11 Upper: Reference speed (red), estimated speed (blue), and actual speed (black) in rpm. Lower: torque current iq (A).
Figure 10 Upper: motor current in stationary reference frame (ab) in (A). Lower: motor currents Iabc in (A).
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Figure 13 Upper: motor current in stationary reference frame (ab) in (A). Lower: motor currents Iabc in (A).
Figure 12 Upper: Actual rotor angle (black) and estimated rotor angle (red) in . Lower: Actual rotor ﬂux angle (black) and estimated
rotor ﬂux angle (red) in .
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336 M.K. Metwallyﬁed by experimental and simulations in a low and zero speed
regions also at zero fundamental frequency operations. Rotor
position for a standard induction machine can be tracked reli-
ably under-rated ﬂux, high torque levels at low as well as zero
speed.Appendix A
The parameters of applied induction machine.
Rated power 1 kw
Rated load torque 6.4 N.m.
No. of poles 4
Stator resistance 4.85 ohm
Rotor resistance 2.6840 ohm
Rotor leakage inductance 0.0221 H
Stator leakage inductance 0.0221 H
Mutual inductance 0.4114 H
Supply frequency 50 Hz
Motor speed 1500 r.p.m.
Supply voltage 380 volts
Inertia 0.018 kg m2References
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